This paper presents an experimental study and hyperelastic modelling of orthotropic mechanical behavior of woven textile fabric. The strain energy function of the hyperelastic model is a combination of the warp extension, weft extension, and shear angle between warp and weft directions. The experimental and fitting analysis of the anisotropy is realized using off-axis tensile tests for five textile woven fabrics. Orthotropic hyperelastic modelling highlights the anisotropy tensile property of textile woven fabric compared to orthotropic linear elastic modelling. Particular attention is given to the influence of weave structure on fabric anisotropy.
INTRODUCTION
Several research studies have considered the complex anisotropic behavior of textile woven fabric. Most of them [1, 2, 5] focused on the linear uniaxial tensile Stress/Strain behavior along the warp, weft, and 45° oriented fabric directions.
Woven fabric is highly anisotropic, as it exhibits different mechanical properties for different directions. An experimental approach is applied in order to evaluate and characterize this anisotropy. Off-axis tensile testing is generally employed for highly anisotropic composite materials [6, 8] . This test is a tensile test along a direction other than warp and weft. Ning [7] studied the influence of varying directions of off-axis tensile tests over the tensile and shear strengths before buckling.
A linear elastic orthotropic model has already been developed by the authors [9] , and its parameter identified for a particular zone of the woven fabric tensile curve. An analysis of the anisotropy has also been presented. The continuous domain approach gives satisfactory results for elastic linear orthotropic modelling. However, it is considered as a simplified modelling in a limited zone of load, if the strain rate remains constant.
An orthotropic hyperelastic model is developed for a continuum material equivalent to the woven fabric [4, 10] . The nonlinear relationship between stress and strain is then highlighted.
In this paper, off-axis tensile tests are carried out on five fabrics. Fitting results obtained by Model 1 (linear orthotropic elastic model) and Model 2 (orthotropic hyperelastic model) are compared using an anisotropic degree of elastic modulus for fabrics 1 and 2.
Particular attention is given to the effect of weave structure on the anisotropic behavior for fabric 3, 4 and 5.
MATERIALS AND METHODS

Description of Off-Axis Tensile Test
Off-axis tensile tests were carried out on five fabrics whose principal characteristics are as shown in Table  I . Fabrics 1 and 2 are unbalanced and fabrics 3, 4, and 5 which have the same yarn in the warp and the weft direction are balanced.
The specimen test has a useful zone of 200 mm length x 50 mm width between the grips (Figure 1) . The specimen was cut in seven directions forming an angle ψ with the warp direction (0°, 15°, 30°, 45°, 60°, 75° and 90°). The form of specimen is illustrated by the Figure 1 . Tests were carried out with articulated jaws designed to allow a free rotation along the specimen's normal direction. Off-axis tensile tests were repeated five times for all directions. The strain rate was 100 mm/min. http://www.jeffjournal.org Volume 9, Issue 3 -2014 
Anisotropic Behavior
For each direction, we were interested in the curve near to the average of the five results obtained. Offaxis tensile curves analysed were load-extension curves before buckling for all fabrics.
Fabric tensile behavior is nonlinear; it's illustrated by Figures 2, 3 , 4, 5 and 6 respectively for fabrics 1, 2, 3, 4 and 5.
Tensile test curves start with a nonlinear zone followed by a linear one. The determining parameters in the wide nonlinear zone [3] are the fabric structure, crimp, the slip between warp and weft yarns, and the initial yarn undulation. 
COMPARISON BETWEEN MODEL 1 AND MODEL 2
Woven fabric mechanical behavior is nonlinear but we sought to associate analytic models [9] to the linear zone of the load-extension curve in order to characterize quantitatively the anisotropy. Figure 7 presents the experimental and linear zone of the loadextension curves along the weft direction for fabric1. 
where:
The first Piola-Kirchhoff stress P(N /mm 2 ) =F/S 0
The deformation ε=ΔL/L 0 L 0 (mm) is the initial length, ΔL (mm) is the extension, F (N) is the load, and S 0 is the initial section; the initial width multiplied by the initial thickness.
Orthotropic Hyperelastic Model: Model 2
Woven textile fabric is considered as a continuous medium having two privileged material directions; warp and weft; defined by the two unit tensors
Where 1 E  and 2 E  are units vectors ( Figure 1) .
In Lagrangian formulation, the hyperelastic behavior is completely defined by the strain energy function W(E) depending on Green-Lagrange strain tensor E. http://www.jeffjournal.org Volume 9, Issue 3 -2014 The second Piola Kirchhoff stress tensor S derives then from this energy: S = ∂W/∂ E. The physical behavior is completely defined by the choice of W(E).
The developed strain energy function is a quadratic function of invariants; it's a function of the warp and weft deformation and the shear angle between warp and weft directions [4, 10] . The orthotropic hyperelastic continuum model will be thus linear between S and E. We are more particularly interested to plane solicitations and the only coupling permitted is between slip and extension along the warp and weft directions. The strain energy function W is defined as follows:
Where k 1 and k 2 are the tensile rigidity along the warp and weft yarns, k 12 is the interaction between them, k 3 is the shearing rigidity. Principals invariants I i and I 12 are defined by Eq. (3) [4, 10] .
The second Piola-Kirchoff stress tensor S is written as:
The response of the model to the off-axis tensile test can be summarised as follows:
Where E is the Green-Lagrange deformation and S(N /mm 2 ) is second Piola-Kirchoff uniaxial stress defined respectively by :
Elastic modulus is defined by Eq. (1) 
Data Analysis
In this part, we are particularly interested in the variation of elastic modulus for models 1 and 2; C is identified for the same linear zone of load-extension curve of 7 directions for fabrics 1 and 2 for both models.
Elastic modului, C 0 , C 90 and C 45 are identified by fitting the function C with the experimental values of both models. Figure 8 illustrates the experimental and fitting curves for model 1 and 2 along the weft direction for fabric 1. Table II presents fitting elastic modulus for models 1 and 2. Figure 9 and Figure 10 present the results of this identification as well as the comparison between the fitting and the experimental values for both models respectively for the fabrics 1 and 2.
The analytical average elastic modulus C , the discrete average elastic modulus 
The analytic average elastic modulus and the anisotropy degree of elastic modulus are higher for model 2 than model 1, shown in Table III .
Anisotropy indicators a C and coefficient of variation show that model 2 revealed more the anisotropic tensile property of textile woven fabric than model 1. 
Identification of Elastic Modulus
We have non-linear off-axis tensile curves S (E) for fabrics 3, 4, 5. But, we sought to associate model 2 for the linear zone of S (E) curve. Experimental elastic modulus is determinate for fabrics 3, 4 and 5 along the different directions solicited.
Identification of elastic modulus is obtained by fitting the function C (ψ) given by Eq. (7) with the experimental values for the 7 directions for fabrics 3, 4 and 5. Figure 14 shows experimental and fitted elastic modulus for fabrics 3, 4 and 5. We observe a similar experimental result in various directions for fabrics 4 and 5. We obtain different results along the 15°, 45° and 75° oriented directions for these fabrics. Only fabric 3 has a different result from warp direction compared to weft direction (Table  IV) , although we have a balanced fabric and the same warp and weft yarn property. This is due to the typical plain weave structure: the number of interlacing point is double those of twill and satin weave structures and the warp crimp to weft crimp is significantly different.
RESULTS AND DISCUSSION Elastic Modulus
The variation of elastic modulus values is more evident for the fitted results than the experimental results. Anisotropy is illustrated by the dependence of the elastic modulus on angle between solicited direction and the warp direction. In fact, Table IV shows different elastic modulus values for all directions.
The discrete average elastic modulus d C , the analytic average elastic modulus C and the anisotropy degree of elastic modulus a C are lower for fabric 3 and similar for fabrics 4 and 5, as shown in Table V .
The coefficient of variation is more than that of a C and the disparity is considerably more (21 %) than the a C disparity for three fabrics.
So, anisotropy is more significant for fabric 5 followed by fabric 3 than fabric 4. 
We obtained the values illustrated in Table VI . We have an equivalent fitted rigidity material coefficient for fabrics 4 and 5 (similar results).
Plain fabric presents more rigidity along the warp direction than weft direction; tensile rigidity k 2 is greater than k 1 . k 1 and k 2 are influenced by the distribution of yarn interlacing and the effect of the repetition of the motif on the weave structure in the fabric. Shearing k 3 rigidity of the woven fabric is further significant for fabric 3 followed by fabric 4 then fabric 5. Mechanical properties depend to woven fabric structure.
CONCLUSION
Off-axis tensile tests made on five fabrics and used to distinguish woven fabric anisotropy. An analysis of anisotropy of elastic modulus using an orthotropic linear elastic model and the orthotropic hyperelastic model is presented.
The experimental process revealed that woven fabric anisotropy depends on weave fabric structure and the loading direction. This influence is due to the influence of warp and weft yarn deformations, fabric structure, and yarn mechanical property.
It is verified for fabrics 1 and 2 that the orthotropic hyperelastic model better characterizes woven fabric anisotropic tensile property than the orthotropic linear elastic model. Using the hyperelastic model, the fitted results are in good accord with the experimental ones.
